Abstract-We have investigated spatial and spectral associations between mineral species and organic matter in the Tagish Lake meteorite. Synchrotron-based infrared microspectroscopy allowed us to spatially locate specific organic and inorganic compounds within multiple Tagish Lake grains with high spatial resolution. Generated two-dimensional infrared maps present strong spatial association between aliphatic C-H and OH in phyllosilicates in Tagish Lake grains. These observations indicate possible roles of phyllosilicates for the formation, evolution, and preservation of organic matter. Infared spectra of all studied Tagish Lake grains show a strong carbonate band, which also shows a weak but positive correlation with organic matter in some grains. However, intergrain correlation was not observed between carbonates and organics, which is likely due to the difference of carbonate occurrence, e.g., presence of larger grains or intergrowth of carbonates on phyllosilicates. Possible scenarios further explaining the observed associations of organics with phyllosilicates and carbonates are presented.
INTRODUCTION
The Tagish Lake meteorite (hereafter "Tagish Lake") fell in British Columbia, Canada in 2000 (Brown et al. 2000) . It is a type 2 ungrouped carbonaceous chondrite with affinities to CI and CM chondrites (Brearley 2006; Izawa et al. 2013 ). Initial petrology and spectroscopy studies showed that Tagish Lake is a breccia with sparse chondrules and CAIs embedded in a matrix that consists of fine-grained phyllosilicates (saponite and serpentine), olivine, magnetite, Fe,Ni sulfides, carbonates (calcite, dolomite, siderite), high abundances of presolar diamonds, SiC, and graphite (e.g., Brown et al. 2000; Zolensky et al. 2002; Nakamura et al. 2003; Simon and Grossman 2003; Bland et al. 2004; Brandon et al. 2005) .
Tagish Lake is a carbon-rich meteorite, with a total C content of 5.4 wt% (Brown et al. 2000) . Grady et al. (2002) reported that the total organic carbon content is~2.5 wt%, and the carbon content in carbonates, presolar nanodiamond, and SiC is respectively 1.3-2.7 wt%, 3646-4327 ppm, and 8.0 ppm, with total carbon yield of 5.81 wt%. This is a much higher abundance of carbonates than that of typical CM and CI chondrites (0.05-0.6 wt% carbon; Grady et al. 2002) . Most of the organics in carbonaceous chondrites are in the form of insoluble organic matter (IOM), with some contribution from soluble organics. In the case of Tagish Lake, soluble organic C is only <1% of total organic matter, which shows that the majority of organics in Tagish Lake is IOM (Pizzarello et al. 2001) . Previously, at least two different Tagish Lake lithologies have been reported, carbonate-rich and carbonate-poor, where the former has a lower abundance of magnetite and a higher abundance of calcite . Recently, four new lithologies were identified that have undergone different degrees of aqueous alteration (Herd et al. 2011) , with various IOM molecular structures (Alexander et al. 2014 ) and various soluble organic compositions (Hilts et al. 2014) .
It is reported that Tagish Lake may be associated with primitive asteroids such as D-, or P-types (Hiroi et al. 2001; Hiroi and Hasegawa 2003) . Therefore, spectral investigation of Tagish Lake can shed light on complex parent body histories of such primitive asteroids. Although mineralogy and organic content of Tagish Lake has been previously studied (e.g., Brown et al. 2000; Zolensky et al. 2002; Matrajt et al. 2004; Izawa et al. 2010; Herd et al. 2011; Blinova et al. 2014 ), very few studies have been conducted for in situ spatial distributions and organic-mineral relationships in Tagish Lake NakamuraMessenger et al. 2006; Garvie and Buseck 2007; Zega et al. 2010) . Nevertheless, the synthetic pathway and molecular alteration during the parent body processing of organic matter in Tagish Lake is ambiguous.
There are several methods to study the spatial distribution of organic matter in extraterrestrial samples. TEM and STXM have been utilized for meteorites (e.g., Nakamura-Messenger et al. 2006; Garvie and Buseck 2007; Zega et al. 2010; Floss et al. 2014; , IDPs (e.g., Busemann et al. 2009; Matrajt et al. 2012) , and Comet 81P/Wild2 samples (e.g., De Gregorio et al. 2010 , 2011 . In some cases, these techniques have been combined with nanoSIMS (e.g., De Gregorio et al. 2010 , 2011 . Spatially resolved infrared spectroscopy can (1) reveal locations of organics and minerals in situ within meteorite grains, (2) reveal relationships of organics with specific minerals, and (3) help us understand formation mechanisms and alteration of organics. A little work is being done in this area using IR spectroscopy (Kebukawa et al. 2009a (Kebukawa et al. , 2010 Yesiltas et al. 2013 Yesiltas et al. , 2014 Yesiltas et al. , 2015 , yet it takes highly advanced analytical instrumentation to search for the organics in situ on micron and submicron scales. Here we present synchrotron-based spatially resolved infrared microspectroscopy of multiple organic-rich Tagish Lake grains. The experimental approach employed for this work has this unique capability to spectrally interrogate large areas at micron spatial resolution to identify and locate organic molecules simultaneously within the local mineralogy of the sample. This study identifies infrared features observed in the spectra of Tagish Lake, provides two-dimensional spatial distribution maps of identified organics and minerals, presents results of inter-and intracorrelations of organics and minerals, and finally, discusses possible scenarios for the formation of organics identified in Tagish Lake.
SAMPLES AND EXPERIMENTAL DETAILS
The Tagish Lake meteorite fell on the frozen surface of a lake in Canada in 2010 (Brown et al. 2000) . While a few samples were recovered immediately after the fall, the majority of them were recovered months after the fall. The Tagish Lake samples studied here have been acquired from a private vendor, and originate from the latter batch of recovered samples. The meteorite samples were stored in a humidity-controlled desiccator box, and prepared just before the experiments. Visual and microscopic inspection did not show any obvious contamination. Nevertheless, we extracted and studied the interior part of the sample in order to minimize the contribution of possible terrestrial contamination.
In this study, a series of Tagish Lake meteorite grains were measured with synchrotron-based high spatial resolution FTIR imaging technique. Based on visual inspection, all Tagish Lake samples seem to be significantly dark in color. Multiple meteorite chips were ground down to tens of micrometer size grains using a dry mortar and pestle. These grains were subsequently placed on a homemade diamond window, which was placed under the infrared microscope for transmission measurements. The micro-FTIR spectroscopy measurements were conducted at the Synchrotron Radiation Center, University of Wisconsin in Madison, using the IRENI (InfraRed ENvironmental Imaging) synchrotron beamline (Nasse et al. 2011) . IRENI uses a fan of synchrotron beams (12 beams arranged to form 3 9 4 matrix of rays) as a light source, the brightness of which is up to~1000 times higher than that of a thermal light source. This light source homogeneously illuminates a large area (4096 pixels) on the commercial focal plane array (FPA) detector. A Bruker Hyperion 3000 IR microscope with a 74 9 magnification objective (numerical aperture of 0.65) was coupled to a Bruker Vertex 70 FTIR spectrometer for our infrared transmission measurements. A condenser of approximately NA of 0.60 was used to match the NA of the objective. This optical arrangement corresponds to an effective geometric pixel size of 0.54 lm 9 0.54 lm; therefore, the spatial resolution is diffraction-limited over the entire mid-infrared region. Infrared spectra of meteorites were recorded in the mid-infrared region (4000-850 cm À1 ) with 4 cm À1 spectral resolution using 128 co-added scans. A clean, sample-free region of the diamond window was used for collection of reference spectra. More details of the beamline and instruments can be found elsewhere (Nasse et al. 2007 (Nasse et al. , 2011 . Extra care should be taken when investigating organic content of carbonaceous chondrites as these samples can be easily contaminated when brought into close proximity to outgassing contaminant materials. Phyllosilicate-rich carbonaceous chondrites can be especially contaminated in very short times when placed close to silicone rubber, grease, or adhesive tapes as phyllosilicates quickly and efficiently absorb the volatile organics within these materials (Kebukawa et al. 2009b) . Clear evidence of silicone contamination is a sharp infrared feature at 1261 cm À1 due to Si-CH 3 in the spectra of meteorites (e.g., Kebukawa et al. 2009b ).
These contaminants result in stronger aliphatic CH bands near 3000-2800 cm À1 . In our experiments, during both sample preparation and data collection, all meteorite samples were kept away from any material that includes silicone rubber, grease, or adhesive tape. As shown in the next section, the contaminant infrared feature that appears at 1261 cm À1 is also absent in spectra of all of the studied Tagish Lake grains, indicating the absence of contaminant volatile organics in our investigation.
RESULTS

Infrared Spectra
Figure 1 shows average infrared spectra for the studied Tagish Lake meteorite grains. These spectra were obtained from individual grains by masking the sample-free regions and averaging the signal coming only from the sample. Labels enumerate the individual Tagish Lake grains that appear in the field of view. Infrared spectra of the meteorite grains studied here show various absorbance bands due to specific molecular functional groups present within the Tagish Lake samples. Spectral variations indicate the highly heterogeneous composition of Tagish Lake grains.
All spectra in Fig. 1 show a strong absorbance band near 1180-850 cm À1 due to Si-O stretching vibrations in silicates. This band appears sharper and narrower in spectra of some grains, but broader in others. We observed that spectra with a broader silicate band have a stronger OH band, indicating a varying abundance of phyllosilicate minerals within the studied grains. The absorbance band centered at 1160 cm À1 is within the range of SO 4 À2 stretching vibrations in sulfates (Gadsden 1975; Salisbury et al. 1991) , and is present in only some grains. This feature distinguishes sulfate-rich Tagish Lake grains from sulfate-poor grains. To our knowledge, there has been no identification of extraterrestrial sulfate in Tagish Lake. Zolensky et al. (2002) identified S in phyllosilicates (0.12 wt%), in carbonates (0.01 wt%), and in andradite with higher abundance (0.22 wt%), but no sulfate was observed; however, the authors predicted the formation of terrestrial sulfate in Tagish Lake in time. Even though 1160 cm À1 is also within the frequency of silicate stretching vibrational modes, the absorbance band observed here at 1160 cm À1 is well separated from the main silicate band (see Fig. 2 ). In addition, the spectral profile of the sulfate band observed here is different than that of the silicate band, and it falls to the edge of the major silicate band in spectra of Tagish Lake studied by others (e.g., Matrajt et al. 2004; Nakamura et al. 2002; Reach et al. 2012) . Therefore, we remark that sulfates observed here are likely terrestrial weathering products (Gounelle and Zolensky 2001) . All spectra exhibit a broad carbonate band centered near 1440 cm À1 due to asymmetric stretching vibrations of the CO À2 3 ion, indicating abundant carbonates in Tagish Lake. The region of 1770-1580 cm À1 consists of multiple weak infrared features. For instance, the absorbance band near 1640 cm À1 is due to H-O-H bending modes in adsorbed and/or interlayer water, and the band near 1718 cm À1 is due to C=O stretching modes in carbonyls such as ester. The higher frequency part of the spectra presents absorbance bands due to aliphatics and water in phyllosilicates. For instance, the spectra of all Tagish Lake grains present strong infrared features between 3000 and 2800 cm À1 due to C-H stretching vibrations in aliphatic moieties that mainly constitute the IOM, indicating the presence of abundant organics in the studied grains. Specifically, the features at 2800 cm À1 and 2872 cm À1 are due to CH 2 and CH 3 symmetric stretching vibrations, and those at 2923 cm À1 and 2954 cm À1 are due to CH 2 and CH 3 asymmetric stretching vibrations in aliphatic hydrocarbons, respectively. Infrared spectra of all grains present a broad band between 3750 cm À1 and 3000 cm À1 due to O-H stretching vibrational modes of adsorbed and/or interlayer water in phyllosilicates. This band is accompanied by a small phyllosilicate feature due to structural OH at 3650 cm À1 . When exposed to air in the laboratory, meteorites can be contaminated with water vapor adsorbed on the surface of molecules. This contamination from air can artificially increase the band area of OH that is centered near 3400 cm À1 , which could be especially problematic if the band area of OH is involved in quantitative analyses. In order to check this, we investigated the correlation of silicates with OH both among individual Tagish Lake grains and among different locations of a single grain. First, we checked individual Tagish Lake grains and compared band area ratios between SiO/ carbonates and OH/carbonates. Figure 2 (top) shows that all grains have a varying abundance of silicates and OH; however, their abundance increases and decreases together, indicating a positive correlation between OH and silicates. Second, we compared the same band area ratios, but this time in a single grain (grain #3). For this, we extracted absorbance spectra from nearly 120 pixels from the central part of the grain and calculated band area ratios of SiO/carbonates and OH/carbonates. As seen in Fig. 2 (bottom) , silicates and OH are positively correlated in a single Tagish Lake grain as well, indicating that abundance of OH increases with increasing abundance of silicates. If there were a significant amount of adsorbed OH in the studied Tagish Lake grains, its band area would not correlate with that of the silicates. We also note that we minimized the time that samples were exposed to air by crushing samples just before the data collection, which may have avoided the adsorption of a significant amount of water vapor in the laboratory. Based on these observations, we believe that the amount of adsorbed OH from air is minimal in our experiments, and therefore, taking the band area of OH as a proxy for phyllosilicates does not create any uncertainties.
Organic-Mineral Correlations
Intragrain Correlations
Spatially resolved two-dimensional high-resolution infrared maps have the potential of revealing spatial distributions of specific molecular functional groups and their relationships with other functional groups within meteorite grains (e.g., Yesiltas et al. 2013 Yesiltas et al. , 2014 Yesiltas et al. , 2015 . These infrared maps were generated by integrating the spectrum for each pixel over the frequency ranges given in Table 1 . Figure 3 presents visible micrographs and corresponding infrared absorbance maps of 1180-850 cm À1 assigned to Si-O in silicates, 1220-1110 cm
À1
assigned to SO 4 À2 in sulfates, 1550-1320 cm À1 assigned to CO 3 À2 in carbonates, 3000-2800 cm À1 assigned to aliphatic C-H, and 3750-3000 cm À1 assigned to O-H from adsorbed and/or interlayer water of phyllosilicates for the 13 Tagish Lake grains studied here.
We observed from the integrated infrared images of most Tagish Lake grains that there exists a strong positive correlation between aliphatic CH and OH. Namely, organics and OH (mostly associated to phyllosilicates) are spatially found together in these grains. Spatial distribution of OH and silicates are quite homogeneous in some grains; however, there are specific OH-rich and silicate-rich hot spots in others. Silicates show positive correlation with OH at varying strengths for different grains (Fig. 2) , distinguishing phyllosilicaterich grains (e.g., grains 12, 26 in Fig. 3 ) from phyllosilicate-poor grains (e.g., grains 10, 15 in Fig. 3 ).
As the aliphatic CH band is the only major organic feature in the IR spectra, we considered the aliphatic CH distributions as the distributions of organic matter. Additionally, organics show weak but positive correlation with carbonates. We observed that several Tagish Lake grains also contain sulfates (likely terrestrial), which seem to show no correlation with organics, or OH. In summary, the order of association with organic matter appears as: phyllosilicates > carbonates > sulfates.
We further investigated the intragrain correlations in grain #16 by comparing absorbance Z-values (n =~1000 data points) of infrared maps for sulfates, carbonates, aliphatics, and OH (Fig. 4) . The peak area of components were divided with the peak area of silicate bands (Si-O) in order to compensate for the effect of heterogeneity of sample thickness in the grain (e.g., aliphatics/silicates ratio). We observed that correlation of OH with aliphatics is quite prominent, such that their spatial distribution in the grain is very similar. There seems to be weak aliphatics-carbonates and aliphatics-sulfates correlation in this particular grain. The R 2 correlation factors of OH/silicates, carbonates/silicates, and sulfates/silicates ratios with aliphatics/silicates are 0.66, 0.62, and 0.44, respectively (Fig. 4) , and support that the order of association with organic matter can be given as: phyllosilicates > carbonates > sulfates.
Intergrain Correlations
In the previous section, we presented organicmineral correlations in individual Tagish Lake grains, which provides in situ relationships in the same corresponding to aliphatic C-H stretching, f) 3750-3000 cm À1 corresponding to O-H stretching in adsorbed and/or interlayer water associated to phyllosilicates. Colors of maps indicate absorbance, red being the highest and violet being the lowest. meteorite grain. In order to study dependencies among different meteorite grains, we additionally investigated intergrain correlations of the same four chemical compounds: sulfates, carbonates, aliphatics, and OH among all grains. In this case, each meteorite grain becomes a data point in our analyses, yielding a total of 13 data points; however, as quantitative investigation such as statistical correlation analyses requires more data points in order to yield reliable results, we compared the relations among grains only qualitatively. Figure 5 presents a comparison of abundances of sulfates (1220-1110 cm À1 ), carbonates (1550-1320 cm À1 ), and OH (3750-3000 cm À1 ) with aliphatics (3000-2800 cm À1 ) among all grains. The peak area ratios with absorbance values of silicate (Si-O; 1180-850 cm À1 ) were again taken in order to compensate the difference of sample thickness. The most noticeable and clear relationship is the positive correlation of OH with aliphatics, which is consistent with the IR images shown above. Namely, the abundance of aliphatics and OH increases and decreases together when both the different parts of a single grain and the individual meteorite grains are studied. Additionally, sulfates seem to be distributed randomly in Fig. 5 , suggesting no relation with aliphatics at all. Finally, carbonates show no change with increasing aliphatics abundance, indicating there is no correlation between carbonates and aliphatics. The lack of such correlation also suggests that there exists no contribution to aliphatic infrared features from carbonate overtones (e.g., Nuevo et al. 2014) .
CH 2 /CH 3 Ratios in Aliphatics
Infrared features between 3000 and 2800 cm À1 are due to C-H stretching vibrational modes in aliphatic moieties. Specifically, sharp features at 2800 cm À1 and 2872 cm À1 are due to CH 2 and CH 3 symmetric stretching vibrations, and those at 2923 cm À1 and 2954 cm À1 are due to CH 2 and CH 3 asymmetric stretching vibrations, respectively (Matrajt et al. 2004; Merouane et al. 2012; Yesiltas et al. 2014 ). Among these, the peak-height ratio of asymmetric CH 2 and CH 3 bands (CH 2 /CH 3 ratio) roughly corresponds to the aliphatic chain length in hydrocarbons (Igisu et al. 2009 ). A high CH 2 /CH 3 ratio could mean longer aliphatic chains or less branching, or vice versa (Kebukawa et al. 2010; Matrajt et al. 2013) .
After subtracting a linear baseline in the 3000-2800 cm À1 region, we obtained the CH 2 /CH 3 band area ratios for all Tagish Lake grains studied here and observed a wide range of CH 2 /CH 3 ratios, from 1.79 to 2.70 (Fig. 6, and Table 2 ). It is observed from Fig. 6 that the CH 2 /CH 3 ratio has no clear correlation.
When compared to other astronomical objects, the CH 2 /CH 3 ratios (R 2/3 ) of Tagish Lake grains are within the range of IDPs (R 2/3 = 2.31-2.46; Flynn et al. 2003) , Wild 2 particles (R 2/3 = 2.50) , and Sutter's Mill meteorite (R 2/3 = 2.53-4.00; Yesiltas et al. 2014) ; however, they are higher than ISM objects (R 2/3 = 1.07-1.17; Sandford et al. 1991; Pendleton et al. 1994) and several carbonaceous chondrites such as Murchison, Orgueil, and Bells, respectively (R 2/3 = 1.00, 1.40, 1.40) (Kebukawa et al. 2010) . 
DISCUSSION
Organic-Inorganic Associations in Tagish Lake
The association between organic matter and phyllosilicates is well known in various carbonaceous chondrites (Pearson et al. 2002 (Pearson et al. , 2007 Garvie and Buseck 2007; Kebukawa et al. 2009a Kebukawa et al. , 2010 Zega et al. 2010; Floss et al. 2014; . We confirm that the Tagish Lake meteorite also shows the relationship between organic matter and phyllosilicates. Carbonates show some association with organics, but at a much lesser extent than the association between organics and phyllosilicates. Zolensky et al. (2002) reported intergrowth of carbonates on phyllosilicates in Tagish Lake. We believe that such intergrowth is also the case in our study, which is evident from the infrared images of investigated meteorite grains (Fig. 3) . The intragrain association between organic matter and carbonates is stronger than the intergrain association, perhaps because the intragrain association may reflect the intergrowth of carbonates on phyllosilicates better than the intergrain association, which rather shows the contribution of larger carbonates grains without any obvious association with organics.
The association between organics and sulfates in Tagish Lake was investigated for the first time, and no correlation was observed. We remark that observed sulfates might be terrestrial in origin as no sulfates have been observed in Tagish Lake before Izawa et al. 2010; Blinova et al. 2014) , and sulfate veins have been known to form easily during typical sample storage in CI1 chondrites (Gounelle and Zolensky 2001) . Considering the origin of our Tagish Lake sample, the sulfates may have been formed before the recovery rather than during storage. Gounelle and Zolensky (2001) reported that when reacting with atmospheric water, sulfates originally present in the meteorites dissolved and remobilized, or sulfides were oxidized and filled open spaces provided by the highly porous rock; however, the sulfates observed in this study (Fig. 3) do not look like veins within the grains. Additionally, sulfide rims were observed around carbonaceous materials in the Tagish Lake , in other carbonaceous chondrites (Brearley and Abreu 2001; Brearley 2002) , IDPs (Keller et al. 2004; Matrajt et al. 2012) , and the comet Wild 2 particles (Matrajt et al. 2008) . Therefore, sulfates are expected to preserve their association with organics if they originated from sulfides. In this study, the absence of association between sulfates and organic matter indicates that sulfides are not associated with organics.
Relationships Between Organics, Carbonates, and Phyllosilicates
Phyllosilicates and carbonates are secondary minerals that formed during parent body aqueous alteration . In this study, only phyllosilicates show strong correlation with organic matter, suggesting an interaction between organics and phyllosilicates possibly during the aqueous alteration in the Tagish Lake meteorite parent body. Here we propose possible scenarios explaining the relationship between organics, carbonates, and phyllosilicates, and discuss the possible role of phyllosilicates, assuming the following cases (1) insoluble organic matter (IOM) formation during aqueous alteration, (2) carbonate generation by oxidation of IOM, and (3) neither of the above. 
IOM Formation During Aqueous Alteration
One possible IOM formation hypothesis is condensation of formaldehyde in the warm interiors of planetesimals with the presence of liquid water Kebukawa et al. 2013; Kebukawa and Cody 2015) . Kinetic studies show that the formation rates of phyllosilicates and IOM are roughly comparable (Nelson et al. 1987; Kebukawa and Cody 2015) . Precipitation of CaCO 3 through the reaction with calcium ions likely occurs during the IOM formation experiments containing Ca(OH) 2 in the initial solutions (Kebukawa and Cody 2015) . In this case, it is plausible that IOM preferentially precipitates with phyllosilicates while carbonates do not, perhaps due to the catalytic effect of phyllosilicates for the synthesis of IOM. Clay minerals are known to have the ability to adsorb simple organic molecules and catalyze various more complex organics through chemical reactions including dehydration and condensation reactions (e.g., Varma 2002; Ferris 2005) . The dehydration and condensation reactions are keys to synthesize the organic solids Kebukawa et al. 2013) .
Carbonate Generation by Oxidation of IOM
The source IOM might have already existed at the time of accretion as a result of either formation by Fischer-Tropsch-type (FTT) reactions in the solar nebula (e.g., Anders et al. 1973; Llorca and Casanova 2000; Nuth et al. 2008) , or UV-induced photopolymerization to the icy mantles of interstellar dust grains in the interstellar medium or outer solar nebula (e.g., Greenberg et al. 1995; Bernstein et al. 2003; Ciesla and Sandford 2012) . Alternatively, the source IOM might have formed during the aqueous alteration, in which case the IOM might be the source of carbonates. Some or all of the C in carbonates could originally have been trapped in accreted ices as volatile organic compounds (e.g., CH 4 , C 2 H 6 , C 2 H 4 , CH 2 O, CH 3 OH) and other species (e.g., CO 2 and CO; Alexander et al. 2015) . Alternatively, if the ices were heavily irradiated, the C in carbonates could have been produced by oxidation of organics by radiation-produced peroxide as the ices melted in the parent bodies (Cody and Alexander 2005) . C isotopic compositions of carbonates are consistent with the oxidation of organics producing the carbonates, but carbonate formation via oxidation of organics in chondrites was probably inefficient, requiring a higher initial C abundance (Alexander et al. 2015) . In this case, the association of organics with phyllosilicates indicates that phyllosilicates may have helped organic matter escape oxidation. For instance, smectite is known to sustain organic matter in the interlayer surface and protect against its oxidation (Kennedy et al. 2002) . Salmon et al. (2000) reported that sedimentary organic matter appears to be physically protected by clays due to sorptive protection mechanism, and suggested the adsorption of labile organic compounds onto minerals, thus preventing their diagenetic degradation and promoting their subsequent condensation into kerogen. Serpentinization leads to the production of molecular hydrogen (Sleep et al. 2004 ), thus might act as reductant.
Neither of the Above
In the case that IOM already existed at the time of accretion and carbonates did not originate from IOM (precipitated from CO and CO 2 containing fluid), then phyllosilicates may have had a role for protection of IOM from decomposition. However, if the IOM originates from icy mantles surrounding silicate dust grains, the observed association between organics and phyllosilicates would not necessarily be an evidence for the interaction between "phyllosilicates" and organics, i.e., the association between organics and phyllosilicates might simply originate from organic-mantle and silicatecore structures of dust grains as shown in the model of Greenberg (1998) , and/or FTT organic deposition on silicate grains. In this case, "anhydrous" silicates might have a role in organic synthesis, e.g., providing reaction surface. The silicate grains surrounded by organics were then hydrated by the subsequent aqueous alteration after the accretion, and carbonates precipitated between these grains. In this case, the role of phyllosilicates for protecting organics during the parent body alteration would be minimum.
CONCLUSION
This study presents organic-mineral associations in multiple Tagish Lake meteorite grains. Integrated infrared maps of identified chemical compounds reveal spatial distribution of each component with high lateral resolution. We observed in all grains that organic matter is strongly correlated with OH that is mostly due to phyllosilicates. This association indicates the possible role of phyllosilicates for the formation and/or protection of organic matter in the parent body through catalytic reactions on the surfaces. The presence of a strong carbonate absorbance band in the infrared spectra of all grains point to the carbonate-rich composition of the investigated grains. Organic matter shows a weak correlation with carbonates in each grain, which is probably due to the intergrowth of carbonates on phyllosilicates (e.g., Zolensky et al. 2002) . However, intergrain association of carbonates and organic matter was not obvious.
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